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Site fidelity of the declining amphibian Rana
sierrae (Sierra Nevada yellow-legged frog)
Kathleen R. Matthews and Haiganoush K. Preisler
Abstract: From 1997 to 2006, we used mark–recapture models to estimate the site fidelity of 1250 Sierra Nevada yellow-
legged frogs (Rana sierrae) in Kings Canyon National Park, California, USA, during their three main activity periods of
overwintering, breeding, and feeding. To quantify site fidelity, the tendency to return to and reuse previously occupied
habitats, we used multistrata models (with water bodies as the strata) and potential function analyses. The probability of
returning to previously used water bodies during all activity periods was typically greater than 80% and always greater
than the probability of moving to other water bodies. Site fidelity models (with lake-specific movement transitions) were
favored over those models that held movement transitions equal between lakes. Potential function analyses demonstrated
that frogs were most strongly attracted to their original capture lakes rather than moving to the nearest available breeding
or overwintering lake. Under current disturbances in high-elevation Sierra Nevada lakes (exotic trout, climate change), site
fidelity is problematic because frogs return to lakes subject to drying or those with fish rather than dispersing to other
lakes. Future recovery of declining species will need to focus efforts towards restoring habitats when animals maintain
strong site fidelity even when their habitats deteriorate.
Re ´sume ´ : De 1997 a ` 2006, des mode `les de marquage-recapture nous ont servi a ` estimer la fide ´lite ´ au site de 1250 gre-
nouilles a ` pattes jaunes de la Sierra Nevada (Rana sierrae) dans le parc national de King’s Canyon, Californie, E ´.-U., du-
rant leur trois principales pe ´riodes d’activite ´, soit l’hivernage, la reproduction et l’alimentation. Afin de quantifier la
fide ´lite ´ au site, c’est-a `-dire la tendance a ` retourner dans des habitats utilise ´s ante ´rieurement et a ` les exploiter de nouveau,
nous utilisons des mode `les a ` strates multiples (les plans d’eau repre ´sentant les strates) et des analyses fonctionnelles poten-
tielles. La probabilite ´ de retourner dans un plan d’eau de ´ja ` utilise ´ est, dans l’ensemble des pe ´riodes d’activite ´,g e ´ne ´rale-
ment de plus de 80% et toujours plus e ´leve ´e que la probabilite ´ de se de ´placer vers un autre plan d’eau. Nous pre ´fe ´rons les
mode `les de fide ´lite ´ au site avec des transitions de de ´placement spe ´cifiques a ` chaque lac aux mode `les qui pre ´supposent que
les transitions de de ´placement sont e ´gales pour tous les lacs. Les analyses fonctionnelles potentielles montrent que les gre-
nouilles sont beaucoup plus fortement attire ´es vers le lac de leur premie `re capture que porte ´es a ` se de ´placer vers le lac le
plus proche de reproduction ou d’hivernage. Dans les conditions actuelles de perturbations dans les lacs de haute altitude
de la Sierra Nevada (truites exotiques, changement climatique), la fide ´lite ´ au site pose des proble `mes parce que les gre-
nouilles peuvent retourner a ` des lacs sujets a ` la dessiccation ou des lacs contenant des poissons, pluto ˆt que se disperser
vers d’autres lacs. La re ´cupe ´ration future des espe `ces en de ´clin devra concentrer ses efforts sur la restauration des habitats
lorsque les animaux conservent une forte fide ´lite ´ au site me ˆme quand leurs habitats se de ´te ´riorent.
[Traduit par la Re ´daction]
Introduction
Site fidelity, the tendency to return and reuse previously
occupied habitats (Switzer 1993), occurs in a wide variety
of animals including amphibians (Baker 1978). Movement
and site fidelity have important ecological and evolutionary
implications and are considered important life history strat-
egies for increased survival because animals will efficiently
relocate and use habitats for important activities such as
breeding, feeding, and overwintering. Possible benefits of
site fidelity include familiarity with winter cover, prey, pred-
ators, return routes, and specific habitat features that could
lead to increased survival or reproductive success (Baker
1978). The relationship between site fidelity and increased
survival or breeding success is poorly understood for am-
phibians. Although site fidelity might increase the efficient
relocation of previously used sites, one potential problem is
if the site deteriorates or has a new disturbance, then frogs
could be selectively returning to inferior habitats. Ganter
and Cooke (1998) predicted that site fidelity of lesser snow
geese (Chen caerulescens caerulescens) should be reduced if
their habitats deteriorate; however, they did not detect re-
ductions in a 10-year study once habitats became degraded.
The Sierra Nevada yellow-legged frog (Rana sierrae)
(previously called the mountain yellow-legged frog) is en-
demic to the Sierra Nevada and was historically a common
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nell and Storer 1924). Despite its habitat being within na-
tional park and national forest wilderness areas, R. sierrae
has been extirpated from more than 90% of its historic lo-
calities (Drost and Fellers 1996; Jennings 1996; Vredenburg
et al. 2007). It was recently found warranted but precluded
for federal Endangered Species Act protection (US Fish and
Wildlife Service 2003). Rana sierrae habitat has undergone
widespread deterioration with the introduction of nonnative
trout (Knapp and Matthews 2000) and other stressors such
as pesticide drift from central California agriculture (Da-
vidson and Knapp 2007). Trout introductions typically occur
in large, deep lakes so that stocked fish can survive over
winter. Because of the widespread introduction of trout into
the larger lakes, frogs are relegated to fishless but inferior
habitats such as shallow, ephemeral lakes that may dry in
the summer. Rana sierrae breeding success depends on per-
ennial water bodies for tadpoles and requires 3 or 4 over-
wintering years before metamorphosis. Thus, when breeding
occurs in shallow lakes prone to summer drying, several
year-classes of tadpoles die if there is no connectivity to ad-
jacent water bodies. Many deeper lakes have been stocked
with trout, which prey on all R. sierrae life history stages
(eggs, tadpoles, and adults) (Knapp and Matthews 2000).
Thus, site fidelity could be problematic for these frogs if
their current breeding, feeding, and overwintering sites have
deteriorated (i.e., stocked with fish or dry due to climate
change).
Site fidelity is common in many organisms, but most
quantitative studies have focused on birds (Hestbeck et al.
1991; Cooch et al. 1993; Lindberg and Sedinger 1998). For
amphibians, many site fidelity studies are qualitative and ob-
servational and there is no consistent quantitative analysis.
Nevertheless, many studies have documented breeding site
fidelity in amphibians reporting that they seldom move be-
tween sites within the breeding season and typically return
to same breeding lake or stream year after year (Sinsch
1990; Vasconcelos and Calhoun 2004), but little work has
been done on feeding or overwintering site fidelity. Berven
and Grudzien’s (1990) study of marked wood frogs (Rana
sylvatica) showed that 100% of marked adults were faithful
to the ponds where they first bred. In their study, no quanti-
tative analyses or comparisons using other sites were needed
because all frogs returned to their original breeding site.
Pope and Matthews (2001) reported that R. sierrae had dif-
ferent and specific overwintering, breeding, and feeding
areas and showed site fidelity, but the study was only con-
ducted for 2 years. Site fidelity may be an important strat-
egy especially for high-elevation species such as R. sierrae
that have a short active season (typically July–October) be-
cause breeding, feeding, and overwintering success could be
improved by efficiently relocating previously used sites.
Limitations of many breeding site fidelity studies include
the studies being conducted over limited time periods
(1–2 years) and not sampling all sites to determine whether
amphibians move between sites during breeding. A consis-
tent and quantitative way of determining site fidelity is
necessary.
Multistate models are an extension of the open-population
mark–recapture Cormack–Jolly–Seber models (Lebreton et
al. 1992) and use mark–recapture data from multiple survey
sites to simultaneously obtain maximum likelihood estimates
of encounter or recapture, survival, and movement probabil-
ities. Recent improvements of robust estimates of movement
probabilities using data from marked animals allow esti-
mates of these probabilities from several locations (Nichols
et al. 1992; Nichols and Kendall 1995) such that quantitative
comparisons of probabilities of returning to or staying at
sites (site fidelity) versus moving to new sites (dispersal or
no site fidelity) can be made. Many quantitative studies
have focused on bird and fish site fidelity (Hestbeck et al.
1991; Lindberg and Sedinger 1998), but these techniques
have not been widely used in amphibian studies.
Our objective was to determine the degree of site fidelity
of a population of high-elevation R. sierrae over a decade.
We used mark–recapture surveys to examine year-to-year
water body occupancy and quantified the tendency for indi-
vidual frogs to return to specific water bodies during their
important activity periods. We used Cormack–Jolly–Seber
and multistate (strata) models (White et al. 2006) and poten-
tial function (Preisler et al. 2006) analyses of 10 years of
mark–recapture data during breeding, feeding, and overwin-
tering periods to estimate probabilities of returning to previ-
ously used locations (as an estimate of site fidelity) or
moving to and being recaptured at other sites. From our
mark–recapture surveys, we could directly estimate move-
ment probabilities between the water bodies and determine
whether the probability of returning to previously used water
bodies is higher than being found at a new water body dur-
ing each activity period.
Materials and methods
Study site and data collection
The study area was in the upper and lower Dusy Basin at
an elevation of about 3470 m in Kings Canyon National
Park, California (3785’40@N, 118833’45@W) (Fig. 1). The ba-
sin supports alpine vegetation with low-growing herbaceous
plants, dwarf shrubs, and occasional whitebark pines (Pinus
albicaulis) (Holland and Keil 1995). The general study area
covers approximately 0.8 km2 and includes 12 lakes and
ponds and adjacent streams in upper Dusy Basin (1–12) and
three lakes and adjacent stream in lower Dusy Basin (20–22)
(Fig. 1).
All bodies of water within the study area were mapped
(Fig. 1) using a Trimble Pro XRS GPS (global positioning
system) accurate to 1 m. The largest lake (lake 1) in the ba-
sin (5.3 ha, 10 m deep) and lake 3 support a self-sustaining
population of hatchery-stocked, hybrid rainbow trout–golden
trout (Oncorhynchus mykiss   Oncorhynchus aquabonita),
but all of the smaller neighboring ponds have no fish. In
California, the National Park Service no longer allows fish
stocking and is actively removing exotic trout from some
water bodies.
Rana sierrae (originally Rana muscosa; Vredenburg et al.
2007) is endemic to the Sierra Nevada and Transverse
ranges of California and Nevada (Zweifel 1955). In the
Sierra Nevada, it was historically a common inhabitant of
lakes and ponds at elevations of 1400–3700 m (Grinnell
and Storer 1924), nearly all of which were naturally fishless.
All life history stages (eggs, tadpoles, and adults) are found
either in or close to water. Adults are always near water and
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vae require two or more summers to develop and metamor-
phose. Rana sierrae larvae and adults are therefore restricted
primarily to distinct habitat patches (lakes and ponds) (Brad-
ford et al. 1993).
Captured frogs greater than 40 mm snout–vent length
(SVL) were individually tagged with a passive integrated
transponder (PIT) (Destron, 12 mm, 125 KHz) and we sur-
veyed from 1997 through 2006 (no surveys in 2004). The
tags have a life span of 50–100 years allowing for subse-
quent reidentification of tagged animals. Tags were inserted
under the skin of each frog by hand through a V-shaped in-
cision made at the sacral hump with a pair of sharp scissors.
The small nick was allowed to heal without glue or closing.
Recapture surveys were conducted throughout the summer
by revisiting all water bodies in the study area and capturing
by hand or net all frogs possible. The PIT tag number, loca-
tion of capture, mass, length, and sex were recorded for each
frog. Each frog was measured for SVL (millimetres) using
calipers and mass (grams) was recorded using Pesola spring
scales. Sex was determined by the enlarged nuptial pad at
the base of the innermost finger found on males. If a frog
had no nuptial pad, it was categorized as a female. Timing
and number of surveys differed each year because of varia-
ble snowpack. To explore whether frogs found at lake 1
were of breeding size, we compared the sex, length, and
mass of captured frogs during breeding with frogs found at
lake 2.
Snowpack was measured at the Bishop Pass weather sta-
tion approximately 300 m from lake 20 (California Depart-
ment of Water Resources; http://cdec.water.ca.gov) and
reported for 1997–2006. The amount of snowpack influ-
enced whether some lakes dried up or underwent natural
drawdown during the summer. We recorded the lake and
stream water levels at the end of each summer during the
1997–2006 surveys and documented any lake drying. An-
other ongoing study in Dusy Basin found significantly re-
duced R. sierrae recruitment in low-snowpack years when
several water bodies dried (Lacan et al. 2008).
Data analysis
We quantified site fidelity separately for each activity pe-
riod defined below. Breeding, feeding, and overwintering
dates varied each year due to the amount of snowpack and
time of lake thawing. The active period for R. sierrae typi-
cally starts in early summer (late June–July) just after
snowmelt and lasts until fall (October–November) when
lakes start to freeze. We defined the breeding period as the
period when surveyors found egg masses and amplexing
frogs, typically just after the lakes thawed. We did not ob-
serve individual tagged frogs laying eggs, but there was a
strong correlation between the number of frogs observed at
lakes with the number of egg masses in count surveys (K.R.
Matthews, unpublished data). It is unknown whether R. sier-
rae breed yearly or intermittently. We defined the feeding
period as that time when egg masses were no longer found
until overwintering started. Overwintering (when frogs are
inactive and typically under ledges or vegetation) activity
could be observed twice yearly: early in the season before
breeding begins as lakes are thawing when only a few sur-
veys were completed (n = 3) and after the feeding period.
The overwintering period started after feeding in September
or October when daytime temperatures dropped below 10 8C
and frogs were more difficult to locate. The periods esti-
Fig. 1. Map of Dusy Basin study site showing lakes 1–12 in upper Dusy Basin and lakes 20–22 in lower Dusy Basin. The darker shaded
lakes are deeper than 1.3 m and permanently held water year-round. The lighter shaded lakes are less than 1.3 m deep and were dry in low-
snowpack years. Inset at the top right shows the location of Dusy Basin in Kings Canyon National Park, California, USA.
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ized for the 1997–2006 survey years in Fig. 2. Breeding
times were related to the previous winter’s snowpack.
From the recapture data, we summarized the tag informa-
tion (individual PIT number and their length, mass, and sex)
and the water bodies where frogs were recaptured during
each specific activity period.
Mark–recapture models
We used open-population mark–recapture models
(Cormack–Jolly–Seber; Lebreton et al. 1992) and program
Mark (White et al. 2006) to obtain maximum likelihood es-
timates of the following probabilities: apparent survival (4 is
the probability that a frog survives and is present at the site)
and capture probability (p is probability of being captured
given the animal was alive and present in the study area).
We made encounter histories from the 1997–2006 surveys
(n = 1250 individual frogs) for each individual tagged frog
for 9 years (no surveys in 2004) of observed (1) or not ob-
served (0) and whether the frog was male or female.
We tested the fit of the global starting model (Cormack–
Jolly–Seber) to our mark–recapture data and estimated the
amount of overdispersion or variance inflation factor (c ˆ) us-
ing Program Release within Mark. If the goodness-of-fit test
showed significant differences between the model fit and
mark–recapture data, we adjusted the Akaike information
criterion (AICc) with the c ˆ estimates if they were less than
3.0.
We then used multistate models (Hestbeck et al. 1991;
Nichols et al. 1992; Clobert 1995) and program Mark to es-
timate movement probabilities during specific activity peri-
ods (breeding, feeding, and overwintering). Multistate
models are an extension of the Cormack–Jolly–Seber mod-
els that use mark–recapture data from marked individuals to
simultaneously obtain maximum likelihood estimates of en-
counter or recapture, survival, and movement probabilities.
Movement probability is the probability of moving between
water bodies from one sampling period (survey) to the next
given that the frog survives (Hestbeck et al. 1991; Lebreton
et al. 1992). We report separate analyses for breeding, feed-
ing, and overwintering.
We first obtained maximum-likelihood estimates for three
strata-specific probabilities: (i) 4i
s is the probability that a
frog in water body s at time i survives (i.e., and is recap-
tured at a later time), (ii) j i
rs is the probability of a frog
being in site s in year i + 1 after being seen in site r in year
i and survived to year i + 1, and (iii) pi
s is the probability
that a marked frog alive in site (water body) s at time i is
recaptured. We cannot distinguish between frogs staying at
the breeding site from one year’s survey to the next versus
frogs that move to another site for feeding or overwintering
and then return in the following year to the breeding site.
We tested biologically relevant models incorporating various
combinations of water body and time dependence in sur-
vival, recapture, and movement parameters. Because frog
activity periods differed from year to year, the time intervals
between our recapture occasions were not constant. In upper
Dusy Basin, we completed 13 breeding, 31 feeding, and 16
overwintering surveys, and we often had multiple surveys
for each activity period within a year. In lower Dusy Basin,
we conducted 6, 18, and 10 breeding, feeding, and overwin-
tering surveys, respectively. We pooled multiple surveys
(see Hargrove and Borland 1994) from within one activity
period in the multistrata analysis.
Site fidelity
Site fidelity (philopatry) was then defined as the probabil-
ity of being at water body r in year i + 1 for frogs that were
at water body r in year i and had survived to i + 1 (i.e., ji
rr).
Dispersal (ji
rs) or no site fidelity would be the probability of
not being at the same water body in year i + 1 instead being
found at s. Probabilities of site fidelity estimate whether dur-
ing an activity period, such as breeding, tagged frogs are
more likely to be found at the same water body.
We modeled movement probabilities and tested whether
movement between sites was equal or whether there was fi-
delity to a site by comparing models with no constraints
(model jsite fidelity, separate transition probabilities for each
pair of lakes) with a model with all movement parameters
set equal (jequal, transition probabilities between any two
lakes = 1/number of sites tested), i.e., whether the probabil-
ity of returning or reusing previous sites (site fidelity) is
greater than a model holding movement between all suitable
sites equally probable. For model testing, we combined
males and females because there were little differences in
their survival, recapture, and movement. We estimated over-
dispersion and goodness-of-fit of our general model to the
multistate mark–recapture data by estimating c ˆ in program
U-Care (Choquet et al. 2005).
For the multistate analyses, we used live encounter data
from lakes commonly used for breeding, feeding, and over-
wintering activity periods. For the breeding analyses in
upper Dusy Basin, we included lakes 1, 2, 5, and 7 because
these lakes represented where most of the breeding activity
occurred. We made this judgment based on count surveys
of egg masses and where adult frogs were found during
breeding. Count surveys conducted yearly in Dusy Basin
(Lacan et al. 2008; K.R. Matthews, unpublished data) found
most egg masses at lakes 2 (64%), 5 (20%), 7 (8%), and 1
(2%). Although adult frogs are commonly found at the larg-
Fig. 2. Box plots showing the range of dates for breeding, feeding,
and overwintering activity periods for the 1997–2006 study period.
Bars inside a box are the median day of year, extended lines are the
entire range of days, the length of a box is the interquartile range,
and the width of a box is proportional to the number of observa-
tions.
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breeding season), egg masses were rare, presumably due to
the introduced trout eating the eggs. Egg predation may be
rare in other amphibians (see review by Gunzburger and
Travis 2005) but we have observed trout eating R. sierrae
eggs (K.R. Matthews, unpublished data). We included lake
1 frogs in our analyses because they may breed there even
though eggs may be eaten by trout and not detected in sur-
veys, so we wanted to assess frog fidelity. In lower Dusy
Basin, we used all three lakes in the breeding analysis. For
overwintering, we only used lakes 1, 4, and 5 in upper Dusy
Basin where we had adequate sample sizes. During feeding
periods, frogs were most numerous at lakes 1, 2, 4, 5, and 7
in upper Dusy Basin and lakes 20, 21, and 22 and stream 36
in lower Dusy Basin, and these water bodies were included
in the feeding analyses. Separate analyses were done for
upper and lower Dusy Basin because of the distance be-
tween the areas, and we detected little movement between
upper and lower Dusy Basin. We also included distance as
a covariate in analyses for all activity periods to determine
if distance between lakes improved the model’s ability to
explain the movement probability.
For evaluating models, we used AICc if corrected for
small sample sizes or QAICc if corrected for overdispersion.
For model selection and hypothesis testing, we relied on
DAICc, a measure of each model relative to the best model
in the candidate set, and AICc weights (Burnham and Ander-
son 2002). Models with the lowest values of AICc were re-
tained as good candidate models. We selected models that
incorporated variation in capture, survival, and movement
probabilities. We report those competitive models with the
lowest AICc that tested legitimate a priori survival and
movement hypotheses but also report on the equal probabil-
ity of movement models for comparison.
Potential surface model
In this section, we will further explore the effect of dis-
tance between lakes and estimate the ‘‘force of attraction’’
to a given lake or region during the transition period be-
tween each of the three activity periods. For example, for a
frog captured at location x, y (latitude, longitude of water
body midpoint) during a feeding season, how strong is the
force of attraction on this frog to move to its preferred over-
wintering lake as opposed to the attraction to the nearest
suitable overwintering lake? Here, the ‘‘preferred’’ lake for
a frog during a given activity is the lake suitable to that ac-
tivity where it was first seen. Because some frogs were cap-
tured over 300 m from their ‘‘preferred’’ lake, are these
frogs more likely to travel over 300 m to get back to their
preferred lake or is the force of attraction just as strong to
the nearest suitable lake for that activity?
We estimated a surface whose gradient is assumed to be
the magnitude and direction of the attraction. We used the
potential function model (Brillinger et al. 2001; Preisler et
al. 2004; Brillinger 2007) where the word ‘‘potential’’ refers
to the potential of an animal or an object to move in a given
direction. The model assumes that each frog is moving in a
hypothetical surface, with the lowest point on the surface
being the lake or region of its choice during that season. If
the potential surface is flat, then the frog is not attracted to
or repelled from any part of the surface; consequently,
movements will resemble a random walk. Surfaces with
steeper gradients represent stronger attractions to a point or
region. Potential functions have been used to model motion
in Newtonian dynamics (Goldstein 1950). More recently,
they have been used to describe movements of elk (Bril-
linger et al. 2001; Preisler et al. 2004, 2006) and elephant
seals (Brillinger et al. 2007).
The statistical formulation for estimating a potential sur-
face given successive locations of a frog is as follows. Let
rt =( xt, yt) be the coordinates of a frog at time t. We will
assume that a potential surface exists that may be approxi-
mated by a smooth function of the distance between the
frog and the point of attraction (e.g., center of a breeding
lake). Specifically, let the potential surface be defined as
ð1Þ HðrtÞ¼b0 þ
X M
m¼1
bmum
t
where the distance between a frog and a point of attraction is
ut ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðxt   aÞ2 þð yt   bÞ2
p
and where (a, b) are the coordinates of point of attraction,
M is the degree of the polynomial being used, and b0, b1,
..., bM are the intercept and slope parameters to be estimated
from the movement data. The negative of the partial de-
rivates,ð@HðrÞ
@x ; @HðrÞ
@y Þ,o fH(r) with respect to x and y are the
expected distances traveled by the frog in the x and y direc-
tions. Assuming that the time between two captures is one
unit of time, regardless of the number months or years be-
tween captures, then the distances traveled by a frog in the
x and y directions are
ð2Þ xt   xt 1 ¼  ux
X M
m¼1
mbmum 1 þ 3t
yt   yt 1 ¼  uy
X M
m¼1
mbmum 1 þ 3t
where ðux;u yÞ¼ x   a
u ;
y   b
u
  
are the partial derivatives of the
distance u with respect to x and y and where 3t are random
error terms. The continuous case of eq. 2 corresponds to a
mean-reverting Ornstein–Uhlenbeck process (Dunn and Gip-
son 1977) where particles are attracted to a central point
(a, b). If all the bs in eq. 2 are zero, then the potential func-
tion (eq. 1) is equal to b0, which corresponds to a random
walk process where particles are moving at random with no
drift or attraction to a particular point.
Given a set of consecutive capture locations for a sample
of frogs, the parameters b1, ..., bM in eq. 2 were estimated
using a linear mixed-effect regression routine (R Develop-
ment Core Team 2004). A mixed-effect model with random
frog effect was necessary to account for possible spatial cor-
relations between observations on the same frog. Substitut-
ing the estimated parameter values into eq. 1 gives an
estimate of the potential surface up to the constant b0.
During breeding season, we estimated a potential function
with u equal to the distance of the frog to the midpoint of
the first breeding lake where it was initially found. For the
alternative hypothesis, we estimated the potential function
with u equal to the distance of the frog from the nearest pos-
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whether a frog prefers a particular lake during the overwin-
tering season or simply tends to go to the nearest suitable
overwintering lake. During feeding season, frogs were found
in most lakes and were not as selective as for breeding or
overwintering. Consequently, during feeding season, we
compared the model where a frog is reverting to the same
region where it was captured the first time against an alter-
native model that assumes frogs moving randomly with no
attraction to a particular region (random walk model). In
terms of the parameters in eq. 1, a model is a random walk
model if all of the bs except b0 are assumed to be zero.
The ‘‘distance traveled’’ between captures was calculated
as follows. For each frog, we calculated the step size (in the
x and y directions of the water body midpoint) between con-
secutive captures. If the second capture was during the
breeding season, then that information was used in the esti-
mation of the potential function for the breeding season. A
similar procedure was used to decide which data points are
included in the estimation of the potential functions for the
overwintering and feeding seasons. The AIC was used to
compare different models.
Results
Between 1997 and 2006, we tagged 1250 frogs in upper
and lower Dusy Basin; 1009 of the 1250 tagged frogs have
been recaptured at least once (81%). We recaptured 1009
frogs for a total of 6877 recaptures; 851 frogs (68%) were
recaptured more than 1 year (from 2 to 9 years). In upper
Dusy Basin, we completed 13 breeding surveys (pooled into
seven yearly surveys: 1998–2003 and 2006), 31 feeding sur-
veys (pooled into nine yearly surveys: 1997–2003 and 2005–
2006), and 16 overwintering surveys (pooled into eight
yearly surveys: 1997–1998, 2000–2003, and 2005–2006). In
lower Dusy Basin, we completed six breeding surveys (five
years: 1998, 2001–2003, and 2006), 18 feeding surveys
(nine years: 1997–2003 and 2005–2006), and 10 overwinter-
ing surveys (nine years: 1997–1998, 2000–2003, and 2005–
2006).
From the capture data, we collected length (n = 6645
frogs) and mass (n = 6644). Females (n = 3323) ranged
from 34 to 85 mm SVL and had a mean SVL = 63.5 mm.
Females mass (n = 3322) ranged from 5 to 58 g with mean
mass = 25.4 g. Males (n = 3322) ranged from 37 to 74 mm
SVL with mean = 55.9 mm and mass (n = 3322) ranged
from 5 to 34 g with mean = 16.8 g.
Over the 10-year study, individual frogs were found in
two to six different water bodies in 51.2% of recaptures and
recaptured in only one water body in 48.8% of recaptures.
The longest distance moved from one observation to the
next was 729 m (lake 20 in lower Dusy Basin to lake 7 in
upper Dusy Basin); 11 frogs (0.008% of 1250 frogs tagged)
moved between upper and lower Dusy Basin, over 500 m.
Seasonal use of different water bodies was detected from
recaptures; frogs were found in more water bodies during
feeding periods and in fewer during breeding and overwin-
tering periods. Most recaptures during the overwintering pe-
riod (n = 924) were found in lakes 1, 5, and 20. During the
breeding season, over 50% of the recaptures (n = 1795)
were found in lakes 1, 4, 5, 6, and 20. During feeding peri-
ods (n = 3785), frogs were more dispersed than in breeding
and overwintering periods and found throughout the basin in
the greatest number of lakes, with over 50 recaptures in 16
water bodies.
To explore whether the frogs found at lake 1 were of
breeding sizes, we compared the sex, length, and mass of
captured frogs during breeding with those of frogs found at
lake 2 during the same surveys. The 174 individual frogs
(91 females and 83 males) recaptured at lake 1 were smaller
than the 194 individuals (94 females and 100 males) caught
at lake 2. Lake 1 females were 62.4 mm SVL (range 45–
81 mm) and males were 56.7 mm SVL (range 42–64 mm)
and average female mass was 21.6 g (range 6–54 g) and
average male mass was 16.1 g (range 7–27 g). In compari-
son, during breeding surveys, females in lake 2 were
67.7 mm SVL (range 47–82 mm) and males were 59.0 mm
SVL (range 42–71 mm); average mass was 26.9 g (range 8–
40 g) for females and 18.0 g (range 7–27 g) for males.
Year-to-year (1997–2005, the last transition 2005–2006
was not estimable) apparent survival probabilities
(Cormack–Jolly–Seber models in program Mark) were sim-
ilar (overall mean = 0.74) for males (mean = 0.74 ± 0.042
SE) and females (mean = 0.75 ± 0.037 SE) (Fig. 3a). We
Fig. 3. (a) Estimated year-to-year apparent survival (±1 SE) for
male (triangles) and female (squares) frogs and deviation from the
1930–2006 average snow water equivalent (SWE) (circles) from
1997 to 2005 (Cormack–Jolly–Seber models). Survival estimates
are not available for 2004. (b) Estimated recapture probabilities
(±1 SE) for male (triangles) and female (squares) frogs, 1997–2005
(Cormack–Jolly–Seber models). In the Cormack–Jolly–Seber mod-
els, parameters for the last transition (2005–2006) are not estimable
and were not included.
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survival estimates were similar. Survival declined over two
periods: 1999–2000 survival dropped to 0.56 for males and
0.70 for females and 2003–2005 (no surveys in 2004)
dropped to below 0.60 for both males and females. Adult
survival did not appear to be affected by low snowpack
(Fig. 3a). We used goodness-of-fit to test whether the
global model was a reasonable fit to the mark–recapture
data; the global model was rejected by the goodness-of-fit
test (c2 = 54.2209, df = 20, p = 0.0001). However, the
variance inflation factor (c ˆ = 2.7) indicated minor overdis-
persion, so we used c ˆ to adjust all parameter estimates
(QAICc) (Table 1). Survival was average and ranged from
0.68 to 0.83 in the years with lowest snowpack, and incor-
porating snowpack as a covariate did not improve the mod-
els’ ability to account for survival (Table 1). Overall
recapture probabilities were slightly higher for females
(mean = 0.80 ± 0.030 SE) than for males (mean = 0.70 ±
0.042 SE) (Fig. 3b).
PIT tags did not seem to affect frog survival adversely:
after the first year of tagging, we recaptured 87% of the
390 frogs tagged in 1997, suggesting that the PIT tags were
not shed and they were not harming the frogs. We did not
double-tag the frogs, which would have given more informa-
tion to determine tag loss, as we were concerned about the
impact to frogs. Forty-four frogs of the 390 originally
tagged in 1997 (11.3%) were recaptured in 2006; these frogs
were at least 10 years old.
Snowpack collected at the Bishop Pass site showed con-
siderable variation during the study period; 5 of the 10 years
had lower than average (1930–2006) snowfall (Fig. 3a);
2006 snowfall (not in the figure) was 29.6 cm higher than
average. Most lakes held water by the end of the summer
but lakes 2 and 7–9 were dry by the end of the summer in
the lowest snowpack years. Lake 2, where most of the egg
masses were found, was dry in 5 of the 10 study years.
Site fidelity
From the multistate analyses, we found that site fidelity
was high for breeding, feeding, and overwintering: the
movement probability (j) of being found at the same lake
(site fidelity) was always higher than the probability of
Table 1. Akaike information criterion corrected for overdispersion (QAICc, c ˆ = 2.7), DQAICc, QAICc weights, and number of parameters
(K) used to estimate apparent survival (4), capture probability (p), and snowpack from all surveys conducted, 1997–2006.
Model QAICc DQAICc QAICc weight K
4tpt General model: survival and recapture varied with time 1148.2 0 0.41 17
4tpt+snowpack Survival and recapture varied with time, recapture includes snowpack 1149.8 1.6 0.40 18
4t+snowpackpt+snowpack Survival and recapture varied with time and snowpack 1150.2 2.0 0.14 19
4t+snowpackpt Survival and recapture varied with time, survival includes snowpack 1152.2 4.1 0.05 18
Fig. 4. Map summarizing probabilities of lake to lake movement transitions for upper (lakes 1, 2, 5, and 7) and lower (lakes 20, 21, and 22)
Dusy Basin during (a) breeding, (b) feeding, and (c) overwintering. Curved arrows depict movement back to that lake. The largest return
arrows depict movement transitions (j) of 75%–99%, medium solid arrows of 25%–60%, small solid arrows of 10%–20%, and broken line
arrows of <10%.
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during breeding surveys in upper Dusy Basin at the com-
monly used lakes (1, 2, 5, or 7), the probability of being
found there again in subsequent breeding surveys was al-
ways higher than being found at another lake (j ranged
from 0.78 ± 0.048 SE to 0.86 ± 0.078 SE) (Fig. 4a). For ex-
ample, when examining lake 2 recaptures from the 1998–
2006 breeding surveys, we found that the probability was
higher (j = 0.80 ± 0.048 SE) that frogs would be recaptured
in subsequent surveys at lake 2 compared with the probabil-
ity of being found at the other suitable breeding lakes (1, 5,
or 7) (j ranged from 0.01 ± 0.019 SE to 0.16 ± 0.048 SE)
for each possibility of moving from lake 2 to lake 1, 5, or 7
(Fig. 4a). A similar pattern of higher probabilities (and high
site fidelity) was observed for tagged frogs during breeding
in lower Dusy Basin lakes, feeding periods at both lower
and upper Dusy Basin, and during overwintering at upper
Dusy Basin (Figs. 4a–4c). Because most frogs were found
at only three lakes during overwintering surveys, we com-
pared movement probabilities for lakes 1, 4, and 5. We
again found that the probability was higher for 1 > 1 transi-
tion (j = 0.87 ± 0.103 SE), 4 > 4 (j = 0.99 ± 0.0001 SE),
a n d5>5( j = 0.92 ± 0.068 SE) compared with movement
probabilities to other water bodies (j < 0.20 ± 0.00001–
0.068 SE). The low sample sizes at lower Dusy Basin during
overwintering surveys precluded analyses.
Multistate general models were assessed (U-Care) to de-
termine their fit to the mark–recapture data during each ac-
tivity period. All variance inflation factors (c ˆ) were less than
1, and goodness-of-fit tests reported no significant difference
(p > 0.05) between the general models and the mark–recap-
ture data, so no adjustments of AICc were necessary.
When examining multistate movement models as a func-
tion of apparent survival, recapture, year, site (water body),
and distance, the most plausible models (those with the low-
est AICc values and highest Akaike AICc weights) were
Table 2. Akaike information criterion (AICc), DAICc, AICc weights, and number of parameters (K) used to examine movement probabil-
ities (j), apparent survival (4), and capture probability (p) during breeding periods (n = 13 surveys for 1998–2006 pooled into seven
yearly surveys: 1998–2003 and 2006) in upper Dusy Basin at lakes 1, 2, 5, and 7 for male and female frogs combined.
Model Description AICc DAICc AICc weight K
jgpg4g General model, all strata different, constant over time 1184.7 0.0 0.96 20
Jgp4g Constant recapture, group differences in movement and survival 1192.1 7.41 0.02 17
jg distancepg4g General model, all strata different, constant over time, movement dependent on
distance between lakes
1192.5 7.8 0.01 21
jgpg4 Constant survival, group/strata differences in movement and recapture 1204.0 19.3 0.001 17
jgp4 Constant survival and recapture, group/strata difference in movement 1211.4 26.7 0.0 14
j0.25pg4g Movement set equal for all lakes = 0.25, group/strata differences in recapture
and survival
1361.4 176.7 0.0 9
jpg4g Constant movement, group/strata differences in survival and recapture 1376.8 192.1 0.0 9
Table 3. Akaike information criterion (AICc), DAICc, AICc weights, and number of parameters (K) used to examine movement probabil-
ities (j), apparent survival (4), and capture probability (p) during breeding periods (n = 6 surveys pooled into five yearly surveys: 1998,
2001–2003, and 2006) in lower Dusy Basin at lakes 20, 21, and 22 for male and female frogs combined.
Model Description AICc DAICc AICc weight K
jgpg4g General model, all strata different, constant over time 80.6 0.0 0.34 12
jgp4g Constant recapture, group/strata differences in movement and survival 81.1 0.5 0.27 10
jgpg4 Constant survival, group/strata differences in movement and recapture 81.6 0.9 0.22 10
jg distancepg4g General model, all strata different, constant over time, movement dependent on
distance between lakes
82.9 2.2 0.11 13
jpg4g Constant movement, strata differences in survival and recapture 90.0 10.35 0.002 7
j0.33pg4g Movement set equal for all lakes = 0.33, group/strata differences in recapture
and survival
91.8 11.1 0.001 7
Table 4. Akaike information criterion (AICc), DAICc, AICc weights, and number of parameters (K) used to examine movement probabil-
ities (j), apparent survival (4), and capture probability (p) during feeding periods (n = 31 surveys for 1997–2006 pooled into nine yearly
surveys: 1997–2003 and 2005–2006) in upper Dusy Basin at lakes 1, 2, 4, 5, and 7 for male and female frogs combined.
Model Description AICc DAICc AICc weight K
jgpg4g General model, all strata different, constant over time 2275.6 0.0 0.92 30
jgp4g Constant recapture, group/strata differences in movement and survival 2280.5 4.9 0.08 27
jg distancepg4g General model, all strata different, constant over time, movement dependent on
distance between lakes
2304.1 28.5 0.0 31
jgpg4 Constant survival, group/strata differences in movement and recapture 2304.4 28.8 0.0 26
j0.20pg4g Movement set equal for all lakes = 0.20, group/strata differences in recapture
and survival
3198.3 922.74 0.0 11
jpg4g Constant movement, group/strata difference in survival and recapture 3199.4 923.8 0.0 11
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each water body to water body transition) and where time
was held constant (Tables 2–6). Including distance as a var-
iable did not improve the models (Tables 2–6) during any
activity period tested. The least plausible models in the set
held movement probabilities constant and set movement
transitions equal (i.e., no site fidelity) (Tables 2–6).
For all activity periods, the best supported models (lowest
AICc values and highest AICc weights) were those that had
lake-specific survival, recapture, and movement (Tables 2–
6). The contribution of survival and recapture probabilities
(apparent survival ranged from 0.46 to 0.91) to movement
models differed for activity and sites (Tables 2–6). Holding
survival and recapture probabilities constant generally did
not improve the models’ ability to explain the different
movement transitions.
Overall model selection showed the most support for site-
specific movement when compared with movement transi-
tions being held equal or constant. We compared a fidelity
model with no constraints on movement (i.e., movement
probabilities varied depending on site to site transitions)
with a model with all movement parameters set equal (1/
number of sites tested). For breeding, we compared move-
ment between the most commonly used breeding lakes (1,
2, 5, and 7) and the model with no site constraints had the
lowest AICc values (Table 2) and the highest AICc weight
(0.96). The model with j set equal for the four sites (0.25)
had the highest AICc values and an AICc weight of zero.
Therefore, the model with equal movement probabilities
had the least support from the data. Similar tests were con-
ducted for all other activity periods in lower and upper Dusy
Basin with the same result (Tables 2–6).
In the potential function analysis, we further explored site
fidelity by testing if a potential surface with a point of at-
traction being the lake where a frog was initially captured
was a better fit than a potential surface with the point of at-
traction being the nearest suitable breeding, feeding, or over-
wintering water body. For breeding and overwintering,
models that had frogs moving the distance to the original
capture site (even when distance was greater than moving
to another closer, suitable breeding lake) gave a better fit
than those using distance to the nearest lake appropriate for
that activity (Table 7). This stronger attraction (site fidelity)
is seen in the potential surfaces evaluated for each season
and for a specific lake (Fig. 5). The potential surfaces for
breeding and overwintering seasons seem to indicate that
frogs were attracted to the lake where they had been origi-
nally captured (in this case, lake 5). During the feeding sea-
son, the attraction to any given region seems minimal as
indicated by the almost flat potential surface. Thus, the po-
Table 6. Akaike information criterion (AICc), DAICc, AICc weights, and number of parameters (K) used to examine movement probabil-
ities (j), apparent survival (4), and capture probability (p) during overwintering periods (n = 16 surveys pooled into seven yearly surveys:
1997–1998, 2000–2003, and 2005–2006) in upper Dusy Basin at lakes 1, 4, and 5 for male and female frogs combined.
Model Description AICc DAICc AICc weight K
jgpg4g General model, all strata different, constant over time 128.5 0.0 0.55 12
jg distancepg4g General model, all strata different, constant over time, movement dependent on
distance between lakes
129.5 1.1 0.33 13
jgpg4 Constant survival, group/strata differences in movement and recapture 130.5 2.0 0.17 10
jgp4g Constant recapture, group/strata differences in movement and survival 132.6 4.2 0.06 10
jgp4 Constant recapture and survival, group/strata difference in movement 133.4 4.9 0.04 8
j0.25pg4g Movement set equal for all lakes = 0.33, group/strata differences in recapture
and survival
144.2 15.7 0.0 7
jpg4g Constant movement 161.2 32.7 0.0 7
Table 5. Akaike information criterion (AICc), DAICc, AICc weights, and number of parameters (K) used to examine movement probabil-
ities (j), apparent survival (4), and capture probability (p) during feeding periods (n = 18 surveys pooled into nine yearly surveys: 1997–
2003 and 2005–2006) in lower Dusy Basin at lakes 20, 21, and 22 and stream 36 for male and female frogs combined.
Model Description AICc DAICc AICc weight K
jgpg4g General model, all strata different, constant over time 688.3 0.0 0.5 20
jgpg4 Constant survival, group/strata differences in movement and recapture 688.5 0.12 0.48 17
jg distancepg4g General model, all strata different, constant over time, movement dependent on
distance between lakes
694.8 6.5 0.02 21
jgp4g Constant recapture, group/strata differences in movement and survival 697.1 8.8 0.01 17
jgp4 Constant recapture and survival, group/strata difference in movement 698.6 10.3 0.0 14
jpg4 g Constant movement 767.4 79.0 0.0 9
j0.25pg4g Movement set equal for all lakes = 0.25, group/strata differences in recapture
and survival
771.2 82.8 0.0 9
Table 7. Estimated Akaike information criterion statistics for two
models and three seasons tested in the potential function analyses.
Season
Breeding Feeding Overwintering
Model 1 21967 60399 10725
Model 2 25188 61848 13756
Note: Model 1 uses distance to site where a frog was first captured dur-
ing that season. Model 2 uses distance to the nearest lake for the breeding
and overwintering seasons and no distance for feeding season.
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strongly attracted to their original site for overwintering and
breeding and have less attraction to the original site during
the feeding season.
Discussion
Over this 10-year study, R. sierrae exhibited strong site
fidelity and high probability of returning to previously used
sites, especially for breeding and overwintering. Pilliod et al.
(2002) noted that site fidelity might be fairly typical in land-
scapes that offer few suitable areas in winter and breeding
periods, such as at high altitudes or latitudes where some
lakes can remain completely frozen for more than 9 months
each year. Multistate models and potential function analyses
provided quantitative assessments of movement and site fi-
delity for R. sierrae and will be useful for other amphibian
site fidelity studies. The strength of these analyses is the
ability to quantify and model the tendency of frogs to return
to lakes and compare this with other dispersal possibilities.
The advantages of site fidelity in many species are well de-
scribed (Baker 1978; Sinsch 1990; Duellman and Trueb
1994), suggesting that benefits exist for returning to previ-
ously used sites. Multistate and potential function analyses
offer a robust way to use longer-term mark–recapture data
to quantify site fidelity and provide a consistent manner to
quantify site fidelity.
Our study demonstrated that R. sierrae has strong site fi-
delity, which is usually an effective life history strategy that
maximizes an animal’s ability to efficiently relocate impor-
tant habitats. However, site fidelity to degraded habitats may
be further stressing R. sierrae populations throughout the Si-
erra Nevada. Presumably, this life history strategy was ad-
vantageous before fish were introduced into the high-
elevation Sierra Nevada ecosystems. Introduced exotic fish
are now a dominant predator in many basins throughout the
Sierra Nevada (Knapp and Matthews 2000). Rana sierrae
also exhibited high site fidelity for lakes that dry after low-
snowpack years (Lacan et al. 2008) even though they re-
quire perennial water for successful tadpole development,
which can take up to 4 years. When a lake dries, then up to
four year-classes of tadpoles are lost. It is currently un-
known whether R. sierrae is also breeding in lakes prone to
drying throughout the Sierra Nevada and should be the topic
of future research. Historically, frogs presumably bred in
many lake types throughout the basin, and low survival in
Fig. 5. Estimated potential surfaces for (a) breeding, (b) feeding, and (c) overwintering seasons for frogs that were initially captured in lake
5 and (d) those initially captured during breeding at lake 20. Estimated movement arrows (each arrow is a recapture), plotted for actual
locations of frogs captured during preceding season, demonstrate the ‘‘strength’’ and direction of movement. The lengths of the arrows
indicate the ‘‘strength’’ of a hypothetical force of attraction on a frog towards its preferred site for the upcoming season. Steeper surfaces
(green is the flattest and orange the steepest) indicate stronger attraction to the lowest point on the surface. The estimates were evaluated up
to a distance of 600 m from the lake, the maximum observed distance between captures for the overwintering season.
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lakes not subject to drying. Currently, the largest, deepest
lake not susceptible to drawdown or snowpack variability is
unfavorable for successful breeding because of exotic trout.
Frogs are presumably breeding in lake 1 but low survival
due to trout predation renders this lake unimportant for
breeding, especially considering that this is the largest lake
in the basin. It is not known at what age and size R. sierrae
begins breeding. However, recent metamorphs typically
range from 20–40 mm SVL and at that size, sex cannot be
determined (no nuptial pads) (Matthews and Miaud 2007).
A reasonable estimate would be that frogs might start breed-
ing at around 40 mm SVL when nuptial pads are detectable.
Frogs are smaller and possibly younger at lake 1, but based
on the length and mass measurements, they range in age
from 2 to 10 years (Matthews and Miaud 2007), so would
be considered of breeding size. Some frogs are breeding in
lake 1 because we did find some egg masses and tadpoles
but substantially fewer than in lakes 2, 5, and 7.
Breeding in ephemeral ponds may have been successful
historically when the larger fish-free lakes provided recruit-
ment opportunities to offset recruitment failures in low-
snowpack years when ephemeral lakes dry and tadpoles do
not survive (Lacan et al. 2008). Current breeding site fidel-
ity to ephemeral ponds and lakes with fish will likely result
in further population declines of this imperiled frog. The
most commonly used breeding site (lake 2) in upper Dusy
Basin is now a sink habitat (Pulliam 1988) where many
age-classes of tadpoles (2–3 years) are lost each time the
lake dries. This breeding lake can produce substantial re-
cruitment of R. sierrae but only when it experiences 3–
4 years of above-average snowpack (Lacan et al. 2008). Re-
productive surpluses from productive source habitats can
sustain sink habitats where local recruitment fails to keep
pace with mortality (Pulliam 1988). However, due to exotic
trout in the largest lake and repeated drying of fish-free
lakes, upper Dusy Basin currently has no source habitat for
breeding. Many studies have concluded that amphibian eggs
are unpalatable to trout (Gunzburger and Travis 2005); how-
ever, in Dusy Basin, we have observed trout eating egg
masses (K.R. Matthews, unpublished data). Also, restoration
projects have removed nonnative trout from lakes in the Si-
erra Nevada and R. sierrae adults and tadpole abundance
quickly increased, indicating that trout have been limiting
frog populations (Knapp et al. 2007).
One implication of maintaining site fidelity in deteriorat-
ing habitats is the possible decline due to increased mortal-
ity from overwintering in a lake with trout and decreased
recruitment from breeding at a lake that often dries. Over
time, site fidelity to degraded habitats could result in local
extirpation. Before fish were introduced, Dusy Basin frog
abundance was likely much higher. Surveys of lakes and
basins in the Sierra Nevada (Knapp and Matthews 2000;
Knapp et al. 2001) found the highest abundance and den-
sities of R. sierrae in areas with no fish. Once fish were
introduced, ongoing fidelity to both overwintering and
breeding lakes has likely reduced the overall Dusy Basin
population. Future restoration plans in Dusy Basin will re-
move nonnative trout and the frog abundance will likely in-
crease, similar to other fish removal projects (Knapp et al.
2007). In contrast, if R. sierrae had no site fidelity, then
after habitat changes, frogs could increase survival over
time by dispersing and breeding in lakes not prone to dry-
ing and overwintering in lakes without fish. Maintaining
site fidelity to disturbed and deteriorating habitats is a rea-
son why some have suggested that this life history strategy
could be maladaptive (Levin et al. 1984). Ganter and
Cooke (1998) predicted that lesser snow geese site fidelity
would decrease after their habitats became deteriorated but
did not observe a decline over their long-term study They
speculated that site fidelity has always been a better strat-
egy because relocating has too many risks and that longer
time periods may be required before a change in site fidel-
ity occurs in altered habitats. In contrast, Schlupp and
Podloucky (1994) reported that common toads (Bufo bufo)
with strong site fidelity could change their behavior and be-
come attached to a substitute breeding pond by using bar-
riers to their old sites. Switzer (1997) found that past
reproductive success influenced site fidelity and speculated
that dragonflies might have sensitivity to disturbed sites
and chose to change sites.
Annual R. sierrae recapture rates were high (0.55–0.91),
presumably indicating high survival, low emigration out of
the basin and the tendency to be in or near water making
them easy to find and recapture. Only recently have re-
searchers been using more quantitative assessments of sur-
vival and recapture probabilities of amphibians (Wood et al.
1998; Sagar et al. 2007) over multiple years, so it is difficult
to make comparisons. Apparent survival rates were also high
(0.52–0.90) and not affected by low-snowpack years; low
snowpack primarily affects larval stages during the summer
when lakes dry and tadpoles die (Lacan et al. 2008). Long
winters and heavy snowpack also did not result in lower
adult survival as was predicted in other studies (Bradford
1983; Corn 2003).
Understanding and incorporating site fidelity into future
restoration strategies will be crucial. It is important to re-
store at least some basins to historical status and remove
fish so that breeding and overwintering sites can offer sur-
vival for all life history stages. Restoration projects in Kings
Canyon National Park and elsewhere have already begun re-
moving nonnative trout (Knapp et al. 2007), and future plans
may allow the removal of trout from Dusy Basin. Future
studies will reveal if site fidelity remains strong and breed-
ing success returns when trout are removed. While there is
some evidence of finding trout and R. sierrae co-occurring,
it is uncommon and typically is found when trout abundance
is low. The low probability of being found at other lakes
(i.e., dispersal) indicates that once frogs breed in a lake, re-
gardless of success, in future years, they will likely return
even if the lake may ultimately dry. Conservation strategies
for this imperiled amphibian require restoring the ecological
integrity of these high-elevation aquatic ecosystems so that
site fidelity is once again a strategy for survival.
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